Abstract: Application of the WetSpa distributed hydrological model for catchment with signifi cant contribution of organic soil. Upper Biebrza case study. The paper treats on hydrological distributed model adaptation for a catchment with signifi cant contribution of wetland. The WetSpa model was applied to analyzing the effects of topography, soil type, and land use cover on the runoff characteristics for upper Biebrza catchment. The derivation of parameter maps and analysis of the daily runoff as reaction of the catchment on rainfall was performed. The semi-automated calibration of the model was executed using PEST module. Then, the assessment of that crucial processes was done by calculating errors of mathematical models performance as well as hydrograph comparison. Error values, have shown that the model effi ciency was estimated to be good for high fl ows, but unsatisfactory for low fl ows. This initial modeling approach gives possibility to ask question about limitation and needs of wetland catchment for rainfall-runoff modeling.
INTRODUCTION
A prerequisite to integrated water management in area of Natura 2000 -a natural wide river valleys with riparian wetlands is to built up a proper understanding of the hydrological system. The quantity and quality of water in the natural valley is in high relation to hydrological situation in the whole catchment. The aim of this study is therefore to identify and quantify the key processes steering the hydrological functioning of the catchment with signifi cant contribution of organic soil. The valley of the Biebrza River, is considered as an unique place on the european scale due to exceptional natural values of wetlands and peatlands. (Okruszko 1990) .
Preserving the desired envinronmental status of the Biebrza wetlands is important for the quality and the quantity of water resources of Biebrza. The dominated hydrological processes in the Upper Biebrza are groundwater recharge and discharge, river discharge and to a lesser extent fl ooding conditions. Hydrological processes of the Upper Biebrza River catchment have currently been the subject of a wide research which includes GIS analysis (Wasilewski and Chormański 2009 ), groundwater study (Batelaan and Kuntohadi 2002; Van Loon et al. 2009 ), rainfall-runoff modeling in Biebrza tributaries (Porretta-Brandyk et al. 2010; . In this paper, the research was focused on rainfall-runoff modeling for upper Biebrza catchment. The outfl ow hydrograph was simulated using WetSpa computer software (Wang Application of the WetSpa distributed hydrological model for catchment with signifi cant contribution of organic soil. Upper Biebrza case study et al. 1996; de Smedt et al. 2000 , Liu et al. 2002 . WetSpa is GIS based distributed hydrological model, partly phisically based. Distributed hydrological models are often linked to GIS and use capablities to estimate spatial parameters from topography and digital maps of soil type and land-use. The powerful GIS tools give new possibilities for hydrological research in understanding the fundamental physical processes underlying the hydrological cycle and the solution of mathematical equations representing those processes.
STUDY AREA
The upper Biebrza River catchment was chosen as research area. It is located in Northeast Poland. It includes the Upper Biebrza Basin -a protected river valley which is a part of the Biebrza National Park -added to the RAMSAR Convention list as one of the most important worldwide wetlands. The valley has been formed as an ice marginal valley and is relatively long (40 km) and narrow (2-3 km), which is crossed by numerous ditches of reclamation system build in 70'ties of 20th century and play a role of fl oodplain during a spring fl oods. It is fi lled with the thick deposits of peat (usually 2-5 m) partly underlain by gyttja layer (1-4 m). The area of the upper Biebrza River catchment is about 800 sq km (Fig. 1) . It is a lowland catchment -is rather fl at with mean slope of 1.2%. Most of the slopes are smaller than 2.5%. The arable land which consist of 44% of area is the main land use of the catchment located in the central and southern part of area. Agricultural developments pose a threat for the Biebrza wetlands, since increased nutrient input endangers the peat forming mesothropic ecosystems. Other important land use categories are grasslands covered organic lands in the valley used by extensive farming (17%). The northern part of the catchment is covered by forest (15%), which partly is formed as alder birch forest covered peatland. The total area of peatland in the catchment is more than 25%. The Biebrza River catchment is located in the subcontinantal/subboreal climate zone and has a yearly average temperature of 6.8°C. An average annual precipitation ranges from 550 to 700 mmy -1 . A maximum precipitation has been noted in summer months (July and August) and in the Biebrza valley is equal to 65-70% of the yearly total (this is only 60% in the surrounding moraine plateaus (Kossowska-Cezak 1984) .
The evapotranspiration is described being between 460 and 480 mmy -1 (Kossowska-Cezak 1984) . The growing season in the area is with 200 days relatively short. In spring and early summer snowmelt occurs, playing an important role in generating spring fl oods. Snow processes in the Upper Biebrza Basin represent a signifi cant component of the hydrologic cycle and need to be considered in simulation of the hydrologic processes.
MATERIALS AND METHODS
A model selected for this work was the GIS-based distributed watershed model -WetSpa (developed for simulation of rainfall-runoff processes in the catchment scale). WetSpa is a grid-based hydrological model for water and energy transfer between soil, plants and atmosphere, which was originally developed by Wang et al. (1996) and adopted for fl ood prediction by de Smedt et al. (2000) , Liu et al. (2002) .
The model was successfully tested for fl ood hydrograph calculation in urbanized catchments (Chormański et al. 2008) . In an actual version a model was developed as an ArcGIS 10 module (Chormański and Michalowski 2011 -in press) . For each grid cell a vegetation, root, transmission and saturated zone is considered in the vertical direction.
The hydrological processes parameterized in the model are: precipitation, interception, depression storage, surface runoff, infi ltration, evapotranspiration, percolation, interfl ow and groundwater fl ow. The total water balance for a raster cell is composed of the water balance for the vegetated, bare soil, water and impervious parts of each cell. That makes possible to represent within-cell heterogeneity of the land cover. A mixture of physical and empirical relationships is used to describe the hydrological processes in the model. Interception reduces the precipitation to net precipitation, which on the ground is separated into rainfall excess and infi ltration. Rainfall excess is calculated using a moisturerelated modifi ed rational method with a potential runoff coeffi cient depending on land cover, soil type, slope, rainfall intensity, and antecedent moisture content of the soil. The calculated rainfall excess fi lls the depression storage at the initial stage and runs off the land surface simultaneously as overland fl ow.
Runoff from different cells in the watershed is routed to the watershed outlet depending on fl ow velocity and wave damping coeffi cient by using the diffusive wave approximation method. An approximate solution proposed by De Smedt et al. (2000) in the form of an instantaneous unit hydrograph (IUH) was used in the model, relating the discharge at the end of a fl ow path to the available runoff at the start of the fl ow path (De Smedt et al. 2000) :
where: Parameters t 0 and σ are spatially distributed, and can be obtained by integration along the topographically determined fl ow paths as a function of fl ow celerity and dispersion. Although the spatial variability of land use, soil and topographic properties within a watershed are considered in the model, the groundwater response is modelled on sub-catchment scale. The simple concept of a linear reservoir is used to estimate groundwater discharge, while a non-linear reservoir method is optional in the model (Wittenberg, Sivapalan 1999). The groundwater outfl ow is added to the generated runoff to produce the total stream fl ow at the sub-watershed outlet. Time-dependent inputs of the model are precipitation and potential evapotranspiration.
Model parameters such as interception and depression storage capacity, potential runoff coeffi cient, overland roughness coeffi cient, root depth, soil property parameters, average travel time to the outlet, dispersion coeffi cient, etc., are determined for each grid cell using lookup tables and a high-resolution DEM, soil type and land-use maps (Fig. 2) . The main outputs of the model are river fl ow hydrographs, which can be defi ned for any location along the channel network, and spatially distributed hydrological characteristics, such as soil moisture, infi ltration rates, groundwater recharge, surface water retention, runoff, etc. (Liu 2004) . 
MODEL CALIBRATION AND EVALUATION
The rough calibration is performed automatically with PEST, a model-independent non-linear parameter estimator, which is implemented in WetSpa. Then, a fi netuning calibration is performed manually. The calibration processes consist of running the model as many times as it needs to adjust model parameters within their predetermined range until the discrepancies between model outputs and a complementary set of fl ow observations is reduced. The model is evaluated by graphical comparison of simulated and observed hydrographs and assessment of goodness of fi t between them by fi ve statistical evaluation criteria CR1, CR2, CR3, CR4, and CR5 (Liu et al. 2003 ).
CR1 -Model bias
Model bias can be expressed as the relative mean difference between predicted and observed stream fl ows for a sufficiently large simulation sample, refl ecting the ability of reproducing water balance, and perhaps the most important criterion for comparing whether a model is working well in practice. Error CR1 is the model bias, Q si and Q oi are the simulated and observed stream fl ows at time step i (m 3 /s), and N is the number of time steps over the simulation period. Model bias measures the systematic under or over prediction for a set of predictions. A lower CR1 value indicates a better fi t, and the value 0.0 represents the perfect simulation of observed fl ow volume. The criterion is given by the equation: 
CR3 -Nash-Sutcliffe effi ciency
The Nash-Sutcliffe coeffi cient (Nash and Sutcliffe 1970) describes how well the stream fl ows are simulated by the model. This effi ciency criterion is commonly used for model evaluation, because it involves standardization of the residual variance, and its expected value does not change with the length of the record or the scale of runoff. The Nash-Sutcliffe effi ciency is used for evaluating the ability of reproducing the time evolution of stream fl ows. The CR3 value can range from a negative value to 1, with 1 indicating a perfect fi t between the simulated and observed hydrographs. CR3 below zero indicates that average measured stream fl ow would have been as good a predictor as the modelled stream fl ow. A perfect model prediction has CR3 score equal to 1. It has the form of: 
CR4 -Logarithmic version of Nash--Sutcliffe effi ciency for low fl ow evaluation
CR4 is a logarithmic Nash-Sutcliffe effi ciency for evaluating the ability of reproducing the time evolution of low fl ows, and e is an arbitrary chosen small value introduced to avoid problems with nil observed or simulated discharges. A perfect value of CR4 is. 
CR5 -Adapted version of Nash--Sutcliffe effi ciency for high fl ow evaluation
CR5 is an adapted version of Nash-Sutcliffe criterion for evaluating the ability of reproducing the time evolution of high fl ows. A perfect value of CR5 is 1.
To evaluate the goodness of the model performance during calibration and validation periods, the intervals listed in Table 2 have been adopted (Andersen et al. 2001) . These criteria are not of the fail/ pass type, but evaluate the performance in the categories from excellent to very poor. 
Data
Set of data required for a development of the hydrological model of the study area (Upper Biebrza catchment) incorporated non-spatial hydro-meteorological data and GIS data.
Hydro-Meteorological data
It needs to be pointed out that the data from only one measuring station were available. Discharge data was recorded in gauge station Sztabin -the outlet of the Upper Biebrza basin; temperature and precipitation at meteorological station in Rożanystok. Potential evapotranspiration was calculated using method proposed by Roguski et al. (1988) 
GIS data
GIS data layers -landuse, elevation and soil map in grid form have pixel size of 50 m. A DEM of 30 m grid resolution was constructed from elevation contours, elevation measured points and existing river network. The elevation contours were obtained from topographic maps with a scale 1:25 000. The DEM was generated by TOPO to Raster function of ArcGIS.
The main source for interpolation were elevation contours in -additionally, for improving of elevation in the river valley where there are not many contours -elevation points were measured by GPS RTK technique. The CORINE LAND COVER 2000 was used as a Landuse map. The records were converting to WetSpa standard landuse types. Soil map was created based on digitizing of soil map in scale of 1:25 000 and converted to 12 USDA soil texture classes based on textural properties. The additionally organic soil was added to the standard list of soils used in WetSpa. The parameters for peat-mursh layer in the valley was obtained from Jan Szatyłowicz (not published expertise). Final values of soil textural characteristics which are used in model are presented in Table 1 . 
RESULTS AND DISCUSSION
The overall objectives of model calibration are to fi nd: a good agreement between the simulated and observed catchment runoff, a good overall agreement of the shape of the hydrograph, a good agreement of peak fl ows with respect to timing, rate and volume, and a good agreement of low fl ows. The focus is on spring and summer fl ood prediction, because these kind of fl oods ensure appropriate water conditions for preserving the wetlands. In addition to the above objectives, the measured and simulated water balance components are reviewed. In order to evaluate the model, the simulation results are compared to the observed hydrograph both graphically and statistically. Figure 3 shows the graphical comparison of simulated and observed fl ows for a wet period while Figure 4 -for a dry period. One can notice a reasonable agreement between the model results and the observed data for the wet period, except for the period from August '79 until March '80. Peaks in the hydrographs are rather well simulated, as well for fl ow volume and timing of occurrence. The model is able to predict all spring fl oods, but not to reproduce the fl ow volume for the extreme snowmelt fl ood event in April '79 producing a maximum discharge of 99 mł/s. The reproduction of low fl ows on the other hand is not accurate (Fig. 4) . Storm events during this period don't produce relevant fl oods compared with its measured storm volume as a large quantity of rainfall is used to saturate the wetlands, resulting in the gradual increase of measured base fl ow. The main reason for bad agreement for low fl ows in the upper Biebrza catchment is probably the simplifi cation of the groundwater component in the model. Other reasons might be the less accurate estimation of the interception and evapotranspiration from groundwater storage during dry periods. In general, there is almost no surface runoff and interfl ow which is due to the fl atness of the area. The stream fl ow has a large and perma- 01.11.1978 to 31.04.1981) nent component of base fl ow. This shows that this wetland area is primarily fed by groundwater discharge. The evaluation results for these criteria are listed in Table 2 . One can notices that for the wet period the observed water balance (C1) is reproduced with 1.5% overestimation, model determination coeffi cient (C2) is 0.717, the NashSutcliffe effi ciency (C3) is 0.732 for the time evolution of stream fl ows, and the modifi ed Nash-Sutcliffe effi ciency is 0.768 and -0.107 respectively for high (C4) and low fl ows (C5). The comparison of calculated and observed hydrograph shows very good and good agreement, especially for the fl ood events (with exception of the highest snowmelt fl ood.
The criteria obtained for a dry period has been not as good as for wet period, even if hydrograph comparison show not dramatic differences. It could be conclude that model need more improvement to be enough for simulation low fl ows.
These statistical evaluation results confi rm the graphical evaluation results: model performance is satisfactory for water balance simulation and spring fl ood prediction, but not satisfactory for low fl ood simulation in the wetlands.
CONCLUSIONS
The rainfall-runoff model WetSpa was found as a proper tool, able to predict hydrologic processes and modeling 
